Re did not volatilize from a HLW feed until 1000°C. Re began to volatilize from LAW feeds at $600°C. The vigorous foaming and generation of gases from salts enhanced Re evaporation in LAW feeds. The HLW glass with less foaming and salts is a promising medium for Tc immobilization. 
Introduction
Technetium-99 ( 99 Tc) is a radioisotope of Tc which decays with a long half-life (2.1 Â 10 5 years) to stable ruthenium-99, emitting beta particles. It has a high fission yield ($6%), thus producing a large fraction of the long-lived radiation emission of nuclear waste [1] . In addition, 99 Tc is highly mobile in subsurface environments [2, 3] and volatile at elevated temperatures [4] . Over 1.28 Â 10 3 TBq of 99 Tc (>1900 kg) was produced at the Hanford Site during nuclear fuel reprocessing for plutonium production between 1944 and 1989, of which $9.8 Â 10 2 TBq ($1560 kg) survives in 177 underground tanks of nuclear waste [5] . Hanford Tank Waste Treatment and Immobilization Plant, which is currently under construction, will separate tank waste into high-level waste (HLW) and low-activity waste (LAW) and immobilize both into durable borosilicate glasses. Over 90% of the 99 Tc will be disposed in LAW glass at the Hanford Site in the Integrated Disposal Facility, where 99 Tc, though at a concentration below 0.001 mass%, will be the primary dose contributor over the period of tens of thousands of years [4, 5] . The immobilization of Tc, and its nonradioactive surrogate rhenium (Re), has been a subject of a vast body of literature [6] [7] [8] [9] [10] [11] [12] [13] [14] . Unfortunately, a substantial fraction of Tc escapes with the off-gas during vitrification [15] [16] [17] [18] . Since the Tc solubility in a typical LAW glass is $0.2 mass% [19] and the Re solubility is $0.3 mass% [20] , the solubility should not be a limiting factor for Tc/Re retention during melting. However, the Catholic University of America reported up to $80% Re and Tc losses from small-scale melters vitrifying simulated LAW feeds [16] [17] [18] .
Various options have been considered for the immobilization of the Tc removed from off-gas. One is to extract the Tc from the off-gas condensates and add it to HLW melter feed either in the form of pertechnetate or in the form of durable minerals, such as spinel or sodalite [21] [22] [23] . In this work, we pursued the option of adding potassium perrhenate (a nonradioactive surrogate for pertechnetate) to a HLW melter feed at a relatively high concentration of $1 mass% Re in the glass.
To understand Re volatility from a high-alumina HLW melter feed in comparison with other volatile elements (S, Cs, and I), we measured losses of these elements during the course of conversion to glass by heating the feed at 5 K min
Àl and found that Re began to volatilize at temperatures above $1000°C. An earlier volatilization of Re was observed by Jin et al. from LAW borosilicate melter feeds [24, 25] . We attributed these differences to the differences in the content and composition of oxyionic salts in the melter feeds, which induce different levels of foaming. Also, we confirmed as highly plausible the long-suspected transportation of Re in bubbles to the top surface of melt [26] , especially for feeds containing sulfate. Finally, results reported on LAW phosphate glasses by Day et al. [6] indicate other curious aspects of Re incorporation in glass structure.
2. Volatilization of Re, Cs, S, and I from HLW borosilicate glass Volatilization of Re, Cs, S, and I was determined using a high-alumina HLW melter feed (Table 1) heated to a set of target temperatures. The feed was spiked with Re, Cs, and I added as KReO 4 , Cs 2 CO 3 and NaI; S was added as sulfate, a regular component of the waste (and, as we discovered afterward, also as an impurity in the iron source). The feed was prepared as described by Schweiger et al. [27] . Samples of dried slurry feed ($5 g) were heated in open 1.5-cm Pt square crucibles at 5 K min À1 from room temperature to test temperatures (300-1200°C in 100°C intervals) from which they were quenched in the air. After obtaining the mass loss, samples were analyzed with the inductively coupled plasma atomic emission spectroscopy (ICP-AES).
The elemental retention ratio was computed using three alternative methods. First, the i-th element retention ratio, R i , where i stands for Re, Cs, I and S, was defined as a fraction of i-th element mass retained in the heat-treated sample and expressed by the formula
where, F T is the sample mass to original mass ratio (F T = m T /m 0 , where m is the sample mass), c i is the i-th element mass fraction, and subscripts 0 and T stand for the sample before and after the heat treatment to temperature (T), respectively. Here, c iT was determined by ICP-AES, c i0 was calculated based on the batch sheet shown in Table 1 , and F T values were measured for samples heat treated to each test temperature (Fig. 1) . Second, the fraction of i-th component mass retained in the sample, can alternatively be expressed as
where F jT = c j0 /c jT . Here the subscript j stands for the j-th nonvolatile element, such as Al, Zr, or Si. Based on the j-th nonvolatile element mass balance, c j0 m 0 = c jT m T , we have F jT = F T and thus R ijT = R iT . Accordingly,
The difference between R iT and R ijT is that whereas the R iT values are based on the mass change of samples, the R ijT values are solely based on analytical ICP-AES data, and thus free of possible errors in the determination of heat-treated sample mass. Fig. 2 displays retentions of Re, Cs, and S, calculated using Eqs. (1) and (2b) with j Al as a nonvolatile element showing excellent agreement between the retention values as determined by the two methods (the standard deviation is 0.016). As Fig. 2c shows, the S fraction is significantly larger than one. As we learned afterward, this deviation was caused by S impurity in the Fe(OH) 3 slurry used as the Fe source.
All three elements (Re, Cs, and S) remained almost fully retained up to 1000°C when they began to increasingly volatilize. For the temperature interval 300°C 6 T 6 1000°C, the average c i values were c Re,ave = 0.0075 ± 0.0002, c Cs,ave = 0.0021 ± 0.00004, and c S,ave = 0.0007 ± 0.00002. This allowed us to define a third measure for volatile component retention as At T = 1200°C, the loss of Re reached $40% and that of S $25% whereas, remarkably, only 10% of Cs evaporated from the feed. Fig. 3 clearly demonstrates that Re volatilized from the melt more rapidly than either Cs or S. As Fig. 4 illustrates, no significant losses of other potentially volatile elements (Na, K, and Li) were detected. Whereas Re, Cs, and S appreciably volatilized only after temperature exceeded 1000°C, I was virtually gone by 1000°C. As Fig. 5 shows, most of the I ($80%) was lost by 300°C. According to Schutte and Whitesides [28] , I can volatilize as HI by the reaction MI + HOH ? HI" + MOH, where M is an alkali metal. This reaction probably occurred during feed slurry drying and continued during dry feed heating as long as chemically bonded or physically dissolved water was present [29] .
Re volatilization from other types of glasses
To elucidate the cause of the relatively low volatilization losses of Re and the relatively high temperature at which these losses occurred, we compare in Section 3.1 our results with results for LAW glasses obtained by Jin et al. [24, 25] . Though no similar study was performed on phosphate glasses, in Section 3.2 we review responses of Re, Cs, and S to melt bubbling reported by Day et al. [6] . Section 3.3 presents data on evaporation of pure KReO 4 , and Section 3.4 compares expansion curves of HLW and LAW waste feeds. Sections 3.1-3.4 only describe the test procedures and the main results. Attempts to understand the mechanisms of Re volatilization from different types of melter feeds are postponed to Section 4.
Re losses from LAW borosilicate glass
Jin et al. [24, 25] investigated Re partitioning in two typical simulant tank waste feeds, AZ-102 and AN-102 containing perrhenate equivalent to 8.1 ppm Re in each glass. They deliberately selected feeds with substantially different sulfate-to-nitrate/nitrite ratios. Table 2 soluble salts and the early borate melt, samples were leached in water at 25°C and 80°C. Solutions and solids were analyzed with ICP-AES. Ignoring the tiny fraction of Re lost below 600°C [24] , we computed retention ratios using Eq.
(1) with the 600°C-concentration values substituted for c i0 . Their R iT values, displayed in Fig. 6 for Re and S as functions of temperature, show that Re is lost at a slower rate from the high-sulfate, low-nitrate AZ-102 feed than from the low-sulfate, high-nitrate AN-102 feed, retaining at 1100°C $65% Re from AZ-102 and $40% Re from AN-102. In both melts, the S fraction decreased somewhat initially but changed little above 700°C except for a decrease from AZ-102 feed above 1000°C.
Re loss from LAW iron phosphate glass with bubbling
Iron phosphate glasses melt at a relatively low temperature and dissolve significant fractions of components, such as heavy metals, which are troublesome in borosilicate glass [30, 31] . Day et al. [6] melted dry batches (Table 3) the c(t) function can be extrapolated. Surprisingly, c 1 = 0.00, c 2 = 0.04, and t 0 = 2.87 h for SO 3 , which indicates that prolonged bubbling would potentially remove nearly all sulfate from the melt. Contrary to these results, no systematic loss of Cs was observed even after 4 h bubbling (Fig. 7c) .
Evaporation of pure KReO 4
Pure KReO 4 (0.4 g) was heated in open porcelain crucibles (2.5-cm inner diameter) at 5 K min À1 to determine the loss by volatilization at several temperatures up to 1100°C as shown in Fig. 8 . Detectable evaporation was observed at 900°C, and the melt fully vaporized by 1100°C (Fig. 8) .
Feed expansion
Changes in feed volume were monitored using heated feed pellets [25, 32, 33] . Pellets $13 mm in diameter and $6.5 mm high were prepared from 1.5 g dry feed and pressed at $7 MPa. For each test, a pellet was heated at 5 K min
Àl on an alumina plate in a windowed furnace, through which pictures were taken at different temperatures. Pellet profile areas were evaluated using Adobe Photoshop CS3 Extended. The platinum wire (10-mm in length) next to the pellet was used as a scale gauge, which allowed the program to calculate the cross-section areas of the pellets [32] .
The measured areas were then normalized to the profile area of as-prepared cylindrical pellet (the standard deviation was $0.035 [33] ). Fig. 9 shows the relative (i.e., normalized) profile area of pellets versus temperature. The HLW feed profile area remained nearly constant until it shrank at $700°C, reaching a minimum at $800°C, and then began to expand, creating foam that began to collapse at $930°C. The profile area change of LAW feeds was more dramatic; the feeds started to expand earlier, AZ-102 at $680°C and AN-102 at $650°C, rapidly creating ample foaming that culminated at 725°C and 775°C for AN-102 and AZ-102 feeds, respectively.
Discussion
Hanford wastes contain various amounts of nitrates, nitrites, carbonates, sulfates, and chromates. These salts are miscible when molten, forming a single liquid phase, the primary melt, in which Tc is dissolved in the form of pertechnetate (or Re as perrhenate in nonradioactive simulants). As temperature increases, carbonates, nitrates, and nitrites react with the solid feed components, releasing gases (Table 4) , while the cations (usually alkalis) enter the glass-forming phase [29, [34] [35] [36] . As a result, the salt-phase composition changes, turning from a mixture dominated by nitrate, nitrite, and carbonate to a mixture of sulfate, chromate, halides, and pertechnetate/perrhenate. Chromate provides yellow color to the sulfate phase. Chloride and perrhenate were detected in the sulfate phase by Jin et al. [25] . . Lines were added as guides to the eyes.
The development of glass-forming phase starts with small pockets of borate glass that grow by absorbing metallic oxides from decomposing salts and reactive amorphous gels. The growing fraction of glass-forming phase causes the internal surface area of the feed to shrink, while leaving the porosity open for the escaping gas. When solid silica begins to dissolve, the fraction of glass-forming melt reaches a critical value at which the melt connects until it becomes continuous as can be seen in a scanning electron microscopy image in Ref. [37] .
Then the internal surface area, on which the residual salt phase spreads, is reduced to bubbles, forcing the salt phase into isolated inclusions. The presence of sulfate in gas bubbles has been demonstrated in both commercial [38] and waste [39, 40] glass melts. The buoyancy of bubbles can explain the observation that high-density perrhenates segregated on the top of borosilicate melt in sealed capsules in which a mixture of crushed glass with Re source was heated [26] .
After the porosity closure, the reacting feed consists of continuous, yet inhomogeneous melt in which dissolving silica particles are suspended together with gas bubbles containing trapped residues of salt melt [41] . If the glass melt connects before all nitrates, nitrites and carbonates are fully decomposed, gas bubbles grow rapidly and turn the melt to foam. However, if nearly all nitrates, nitrites and carbonates are decomposed before the glass melt connects, bubbles still grow as additional gas is released from the glass-forming phase when the gas solubility decreases and the redox equilibria shift with increasing temperature, but only mild foaming occurs.
As Fig. 9 demonstrates, HLW and LAW feeds are substantially different in their kinetics of gas release. In the high-alumina HLW feed, almost all NO x and CO 2 evolve before 650°C and escape through open pores without producing foam [29] . The glass-forming melt connects at $800°C. The gas that evolves above this temperature causes a relatively mild increase in volume and is released starting at $930°C. In AZ-102 and AN-102 LAW feeds, the melt connects at 650-680°C whereas nitrates and nitrites continue to decompose until 750°C [24, 25] . This early closure of pores and the protracted evolution of residual gas after the glass-forming melt was connected led to ample foaming.
Expanding foam begins to collapse internally [42] into larger foam cells and cavities that open to the atmosphere, releasing the salt phase on the top surface of the glass melt. While in bubbles and also on the melt surface, salt components continue to dissolve into the glass-forming melt, which is still inhomogeneous and contains dissolving silicate minerals (quartz particles in the case of the HLW feed [41] ) and minor crystalline phases that continue to grow or dissolve. On the top surface of the melt, the salt begins to evaporate while still dissolving, releasing components according to their volatility governed by Henry's law.
The differences in foaming behavior could probably explain why Re began to volatilize from LAW feeds at $600°C, $200°C below the temperature at which pure KReO 4 began to evaporate, and why Re did not volatilize from the HLW feed until $1000°C, $200°C above the temperature at which pure KReO 4 began to appreciably evaporate (Table 5) , even though the Re addition was more than one thousand times higher in the HLW feed than in the LAW feeds. As mentioned above, ample foam provides a large internal surface area for the salt melt to spread on foam cells and then be released on the top surface of the melt when the foam is collapsing. Even before the onset of foaming, the vigorous reaction of nitrate-nitrite-carbonate melt in the LAW feeds exposes the perrhenate to a large constantly renewed boiling-like surface.
In the HLW feed, unlike in LAW feeds, almost all NO x and CO 2 evolved and thus nearly all the salt became a mixture of sulfate and pertechnetate/perrhenate before the glass-forming melt became connected. As a result, virtually all perrhenate remained dissolved in sulfate, in which it was effectively protected against vaporization. The sulfate-perrhenate salt remained in bubbles until the bubbles began to collapse, releasing the salt melt on the glass surface, where it was exposed to evaporation, which was detected above 1000°C for all dissolved volatiles, including Re, Cs, and S (Fig. 2) . Re evaporated somewhat faster than S and Cs (Fig. 3 ). An experiment with the HLW feed containing only 0.01 mass% Re (the solid point in Fig. 2a) showed that the fraction of Re added had little effect on the extent of Re volatilization when the feed subjected to identical treatment.
Although some assertions of this discussion remain hypothetical until confirmed by future studies, the fact that Re (and most probably Tc) can be retained at a high fraction to a high temperature in the HLW suggests that the HLW glass is possibly a suitable medium for Tc immobilization.
We conclude this discussion with the following remarks. First, volatilization of dissolved Re from glass melt surface is conceivable, provided that Marangoni convection [43] driven by surface forces associated with decreased concentrations of surface active components causes a rapid surface renewal [44] . Unless volatilization of light components dominates the melt density, surface renewal by buoyancy driven convection is unlikely because melt density drops when Re content decreases.
Second, not all undissolved Re would leave the melt in bubbles; excess Re can be retained in glass in the form of micro-or nanoinclusions, possibly as a mixture of MReO 4 with sulfate (M is alkali metal). This was probably the case with the high Re fraction retained in HLW glass at 1200°C ($0.6 mass%), which most likely exceeds Re solubility (it is unlikely that Re solubility in the high-alumina HLW is higher than the 0.3 mass% measured in the LAW glass [20] ).
Third, the extrapolation of the Re 2 O 7 fraction retained to long bubbling time (Fig. 7a) indicates that a portion of Re resists removal from iron phosphate glass (similar to Cs, though to a much lesser extent), while S could possibly be removed completely.
Finally, other factors, which were not discussed above, yet should not be ignored, may affect Re volatilization behavior. Substantial differences in glass-forming and glass-modifying feed materials used for HLW and LAW borosilicate glasses and in HLW and LAW waste compositions result in differences in the feed-to-glass conversion process. For example, the high surface area of amorphous aluminum oxide from the decomposition of aluminum hydroxide, a major component of the HLW glass (Table 1) [36, 45] , provides a large internal surface that may selectively immobilize the salt melt, whereas LAW feeds consist mainly of water-free minerals ( Table 3) that do not provide a comparable active surface area.
Conclusion
The kinetics of Re volatilization from melter feeds for waste glasses of various types, all containing sulfate as a minor component, reveals a variety of Re volatilization behaviors. The low-temperature release observed in LAW melter feeds can be attributed to the large content of oxyionic salts and vigorous foaming. High-temperature release that occurred from both the HLW and LAW melts can be attributed to release of sulfate-halide-per rhenate/pertechnetate melt to the glass surface from collapsing bubbles. If confirmed by further investigation, the HLW glass with less foaming and salts is a potentially promising medium for Tc immobilization.
